High-resolution mid-infrared observations carried out by the Spitzer Space Telescope allowed one to resolve the fine structure of many astrospheres. In particular, they showed that the astrosphere around the B0.7 Ia star κ Cas (HD 2905) has a clear-cut arc structure with numerous cirrus-like filaments beyond it. Previously, we suggested a physical mechanism for the formation of such filamentary structures. Namely, we showed theoretically that they might represent the non-monotonic spatial distribution of the interstellar dust in astrospheres (viewed as filaments) caused by interaction of the dust grains with the interstellar magnetic field disturbed in the astrosphere due to colliding of the stellar and interstellar winds. In this paper, we invoke this mechanism to explain the structure of the astrosphere around κ Cas. We performed 3D magnetohydrodynamic modelling of the astrosphere for realistic parameters of the stellar wind and space velocity. The dust dynamics and the density distribution in the astrosphere were calculated in the framework of a kinetic model. It is found that the model results with the classical MRN size distribution of dust in the interstellar medium do not match the observations, and that the observed filamentary structure of the astrosphere can be reproduced only if the dust is composed mainly of big (µm-sized) grains. Comparison of the model results with observations allowed us to estimate parameters (number density and magnetic field strength) of the surrounding interstellar medium.
INTRODUCTION
Interaction of the stellar wind with the circum-and interstellar medium (ISM) results in the formation of structures called astrospheres. Severe interstellar extinction at low Galactic latitudes, where the majority of (massive) windblowing stars is concentrated, makes the infrared (IR) observations the most effective way for detection and study of astrospheres (e.g. van Buren, Noriega-Crespo & Dgani 1995) . Nowadays, with the advent of the Spitzer Space Telescope, Wide-field Infrared Survey Explorer (WISE) and Herschel Space Observatory, many hundreds of new astrospheres were revealed (Peri et al. 2012; Cox et al. 2012 ; Kobulnicky et al.
⋆ E-mail: okat@iki.rssi.ru 2016). Some of them have a distinct filamentary (cirrus-like) structure (e.g. Gvaramadze et al. 2011a, b) . Although the origin of this structure is not well understood, it seems likely that the regular interstellar magnetic field might play an important role in its formation (Gvaramadze et al. 2011b) .
Recently, Katushkina et al. (2017;  hereafter Paper I) presented a physical mechanism possibly responsible for the origin of the cirrus-like structure of astrospheres around runaway stars. It was shown that, under proper conditions, alternating minima and maxima of the dust density (seen like filaments) might appear between the astrospheric bow shock (BS) and the astropause (AP) because of periodical gyromotion of the dust grains around the interstellar magnetic field lines.
In the present work, we apply this mechanism to explain the morphology of the astrosphere around the runaway blue supergiant κ Cas (HD 2905). We choose this particular astrosphere because of its distinct cirrus-like structure, as well as because the basic parameters of its associated star are known fairly well (see Section 2). In Section 3.1, we perform numerical modelling of interaction between the stellar wind and the magnetized ISM in the framework of a 3D magnetohydrodynamic (MHD) model. In Section 3.2, we present the kinetic modelling of the interstellar dust distribution in the wind-ISM interaction region. In Section 3.3, we postprocess the simulations to make synthetic maps of infrared dust emission. In Section 4, we compare the model results with observations, estimate the interstellar plasma number density and magnetic field strength, and derive constraints on the dust parameters, required to better reproduce the observations. Summary and discussion are presented in Section 5.
OBSERVATIONAL DATA
The astrosphere around the blue supergiant (B0.7 Ia; Walborn 1972) κ Cas was discovered by van Buren & McCray (1988) using the Infrared Astronomical Satellite (IRAS) allsky survey and presented for the first time in van Buren, Noriega-Crespo & Dgani (1995; see their fig. 2c ). In the IRAS 60 µm image, the astrosphere has an arc-like shape, Table 1 . Basic parameters of κ Cas (Crowther et al. 2006; Searle et al. 2008) .
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typical of bow shocks. The low resolution of the IRAS data, however, did not allow to see fine details of the astrosphere, which were revealed only with the advent of the Spitzer Space Telescope and the WISE mission with their much better angular resolution. κ Cas was observed by Spitzer on 2007 September 18 (Program Id.: 30088, PI: A.Noriega-Crespo) using the Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004) . We retrieved the post-basic data calibrated MIPS 24 µm image of κ Cas (with units of MJy sr −1 ) from the NASA/IPAC infrared science archive 1 . In this image (presented for the first time in Gvaramadze et al. 2011b ) the astrosphere of κ Cas appears (see Fig. 1 ) as a clear arcuate structure with numerous cirrus-like filaments beyond it, some of which are apparently attached to the main (brightest) arc. The surface brightness of this arc is ≈35 MJy sr −1 , while that of the background is ≈20 MJy sr −1 . Fig. 1 also shows several filaments intersecting the arc at almost right angle to its surface in the south part of the astrosphere. A possible origin of these filaments is discussed in Section 5.
We define the linear characteristic scale of the astrosphere as the minimum projected distance between κ Cas and the brightest arc, R obs 0 (see Fig. 1 ), which is related to the observed angular separation between the star and the apex of the arc, Ω, through the relationship R obs 0 = Ωd, where d is the heliocentric distance to κ Cas. For Ω = 2.6 arcmin and d = 1 kpc (see below), one has R obs 0 ≈ 0.75 pc or 2.3 × 10 18 cm. It is believed that κ Cas belongs to the Cas OB14 association, which is located at a distance of d ≈ 1.0 ± 0.1 kpc (Humphreys 1978; Mel'nik & Dambis 2009 ). This distance is generally accepted in studies of κ Cas (e.g. Crowther, Lennon & Walborn 2006; Searle et al. 2008) . The presence of the astrosphere around κ Cas, however, suggests that this star is a runaway and that it might be formed far away from its present position on the sky (cf. Gvaramadze, PflammAltenburg & Kroupa 2011). Correspondingly, κ Cas is not necessary a member of Cas OB14, unless this star has obtained its peculiar space velocity because of dissolution of a binary system in a recent supernova explosion in the association. In this connection, we note that among four members of the association listed in Humphreys (1978) one more star, HD 2619 (B0.5 III), produces a bow shock as well. The orientation of this bow shock (visible in WISE 22 and 12 µm images) suggests that HD 2619 was injected in Cas OB14 from the open star cluster Berkeley 59, located at a distance of ≈ 1 kpc (Pandey et al. 2008 ) and at ≈ 3.
• 5 (or ≈ 60 pc in projection) to the northwest from the star. It is possible therefore that Cas OB14 is actually a spurious association.
A somewhat larger distance to κ Cas follows from the Hipparcos parallax (van Leeuwen 2007) and the empirical relationship between the strength of the interstellar Ca ii lines and the distances to early-type stars (Megier et al. 2009 ), yielding respectively d = 1.37
−0.25 and d = 1.46±0.30 kpc. Taken at face value, these two distance estimates imply a too high bolometric luminosity of log(L * / L⊙) ≈ 5.8, which along with the effective temperature of κ Cas of T * = 23.5±1.5 kK (Searle et al. 2008) would place this star on the S Doradus instability strip (Wolf 1989) in the HertzsprungRussell diagram. Since κ Cas does not show variability typical of stars in this region of the Hertzsprung-Russell diagram, it is likely that it is located at a shorter distance. In what follows, we adopt the distance to κ Cas of d=1 kpc. The basic parameters of κ Cas (T * , L * , stellar wind velocity v∞, mass loss rateṀ and radius R * ) are compiled in Table 1 .
In Table 2 we provide astrometric and kinematic data on κ Cas. The proper motion measurements, µα cos δ and µ δ , are based on the new reduction of the Hipparcos data by van Leeuwen (2007) . The heliocentric radial velocity of the star, v r,hel , is taken from Gontcharov (2006) . Using these data, the Solar galactocentric distance R0 = 8.0 kpc and the circular Galactic rotation velocity Θ0 = 240 km s −1 (Reid et al. 2009) 1/2 , where v l and v b are, respectively, the velocity components along the Galactic longitude and latitude, the peculiar radial velocity vr, and the total space velocity V * of the star. For the error calculation, only the errors of the proper motion and the radial velocity measurements were considered. The obtained space velocity of ≈ 30 km s −1 implies that κ Cas is a classical runaway star (e.g. Blaauw 1961 ).
The orientation of the symmetry axis of astrospheres around moving stars is determined by the orientation of the stellar velocity relative to the local ISM. In a static, homogeneous ISM and for a spherically-symmetric stellar wind, the symmetry axis of an astrosphere is aligned with the vector of stellar space motion. In this case, the geometry of detected astrospheres (bow shocks) can be used to infer the direction of stellar motion and thereby to determine possible parent clusters for the bow-shock-producing stars (e.g. Gvaramadze & Bomans 2008) . In reality, however, the ISM might not necessary be at rest owing to the effects of nearby supernova explosions, expanding H ii regions, or outflows from massive star clusters. Also, the shape of astrospheres of hot (runaway) stars might be affected by photoevaporation flows from nearby regions of enhanced density (cloudlets) caused by ultraviolet emission of these stars (e.g. Mackey et al. 2015; Gvaramadze et al. 2017 ). Fig. 1 shows that the vector of the peculiar (transverse) velocity of κ Cas is misaligned with the symmetry axis (median line) of the astrosphere by an angle α ≈ 35
• . This misalignment might be caused by inaccuracy of the space velocity calculation 2 or by the presence of a regular flow in the local ISM. We consider the latter possibility to be more likely because the Hipparcos proper motion measurement for κ Cas is very reliable (see Table 2 ). We suggest, therefore, that the orientation of the astrosphere around κ Cas is affected by a flow of the local ISM.
To reconcile the orientation of the astrosphere around κ Cas with the orientation of the stellar transverse motion, one needs to assume that the ISM is moving in the northsouth direction (i.e. almost along the Galactic longitude) with a transverse velocity of VISM,tr ≈ 15 km s −1 . In this case, the transverse component of the relative velocity between the star and the ISM is V rel,tr ≈ 26 km s −1 . Allowing the possibility that the ISM could have a velocity component in the radial direction as large as in the transverse one, i.e. ±15 km s −1 , one finds that the total relative velocity, V rel , could range from 26 to 42 km s −1 . For the sake of certainty, in our calculations we adopt an intermediate value of V rel of 35 km s −1 , which corresponds to the angle between the vector of the total relative velocity and the line of sight of θ = 48
• . Note that the orientation of the astrosphere would not change if the transverse velocity of the ISM has a component in the east-west direction as well (i.e. parallel to the Galactic plane). The actual value of V rel (or the sonic Mach number), however, is not critically important for our calculations because in the considered case (see below) the overall structure of the astrosphere is mostly determined by the interstellar magnetic field.
NUMERICAL MODEL
To compare the model astrospheres with observations one needs to produce synthetic maps of the thermal emission from the dust accumulated at the region of interaction between the stellar wind and the surrounding ISM. For this, the following steps should be performed: 1) MHD modelling of the plasma and magnetic field distributions in the astrosphere, 2) kinetic modelling of the interstellar dust distribution in the wind-ISM interaction region, and 3) determination of the dust temperature and calculation of the thermal emission intensity. These steps are presented in the next subsections.
3D MHD modelling of the astrosphere
To determine the distribution of plasma and magnetic field in and around the astrosphere we use the steady-state 3D MHD model described in Paper I. Here we also take into account the radiative cooling of plasma with the cooling function from Cowie et al. (1981) . Note that the interstellar magnetic field is essential for this study due to two reasons. Firstly, the proposed physical mechanism for formation of filaments is based on gyrorotation of dust grains around magnetic field lines frozen into the interstellar plasma. Secondarily, in the absence of the magnetic field the radiative cooling strongly reduces the thickness of the layer between the AP and the BS because of loss of energy (see Fig. 2 ). Therefore, the filaments formed in this region would be unresolvable. In the presence of significant interstellar magnetic field the outer shock layer does not collapse (see Fig. 3 ) and the filaments might be observable.
Note that hereafter all distances in plots are dimensionless, they are normalized to the stand-off distance, which is the distance from the star to the AP in the upwind direction in the unmagnetized medium:
where ρp,ISM = 1.4np,ISM mp, np,ISM is the ISM number density of protons and mp is the proton mass.
In the dimensionless form the solution of the problem depends on the sonic (MISM) and Alfvenic (MA,ISM) Mach numbers of the ISM. In general, there is one more dimensionless parameter characterizing the efficiency of the radiative cooling. However, in the case of relatively high ISM number density (np,ISM 2 cm −3 , see Section 4) and for the adopted cooling function the plasma temperature in the outer shock region (i.e. between the AP and the BS) remains almost constant (see the solid curve in Fig. 3 ) and, correspondingly, the results do not depend on the dimensionless parameter related to the radiative cooling.
We perform calculations with the "perpendicular" in- terstellar magnetic field, i.e. with the magnetic field vector in the undisturbed ISM (BISM) perpendicular to the relative ISM velocity vector (VISM = −V rel ). We choose this orientation of the magnetic field because the nose part of the astrosphere around κ Cas seems to be axisymmetric and because we know from Paper I that in the case of parallel magnetic field the dust is accumulated in filaments at flanks of the astrosphere and is absent in its nose part (see fig. 10 in Paper I). The effect of the stellar magnetic field is neglected in our calculations. We assume that the ISM temperature is ≈ 7000 − 8000 K, which along with V rel = 35 km s −1 (see Section 2) corresponds to the sonic Mach number of MISM ≈ 3. We performed calculations for several values of MA,ISM. The magnitude of the interstellar magnetic field (and Alfvenic Mach number) determines the thickness of the outer shock layer. It is found that the best qualitative agreement between the model results and the observations could be achieved for MA,ISM ≈ 1.5−3 (see discussion in Section 5). The main part of the calculations presented in this work is performed for MA,ISM = 1.77. Fig. 4 plots 2D distributions of the plasma density and the magnetic field in the (VISM, BISM)-plane. Note that the thickness of the outer shock layer between the AP and the BS is determined by the chosen Alfvenic Mach number, i.e. the weaker the magnetic field (or the larger MA,ISM) the thinner the layer.
Kinetic modelling of the dust distribution in the astrosphere
To calculate the dust distribution in the astrosphere we use the kinetic model described in Alexashov et al. (2016) and Paper I. In general, the dynamics of charged interstellar dust grains in the astrosphere is determined by the following forces: the electromagnetic Lorentz force FL, the stellar gravitational force FG, the stellar radiation pressure F rad , and the drag force F drag due to interaction of the dust grains with protons and electrons through the direct and Coulomb collisions. Therefore, the motion equation of a charged dust grain is the following:
where q and m d are the charge and mass of the grain, c is the speed of light, v d =ẋ d , x d is the position of a dust grain, r = |x d | is the distance from the star, er is the unit vector in the radial direction, vp is the local plasma velocity, v rel = v d − vp is the relative velocity between the plasma and the dust grain, B is the magnetic field, G is the gravitational constant, M * and L * are the stellar mass and luminosity, σ d = πr 2 d is the geometrical cross section of the dust grain, r d is the radius of the grain,Qrp ≈ 1 is the fluxweighted mean radiation pressure efficiency of the grain, np and Tp are the plasma number density and temperature, k is the Boltzmann constant, andĜ(v rel , T ) is the dimensionless function determining the drag force (see, e.g., Draine & Salpeter 1979; Ochsendorf et al. 2014 ). The plasma parameters (np, vp and B) are taken from the MHD model described above.
It is assumed that the dust grain charge q is constant along the trajectory and q = U d,ISM r d , where U d,ISM = +0.75 V is the dust surface potential commonly assumed for the local ISM around the Sun (Grün & Svestka 1996) . The potential is positive due to an influence of accretion of protons, photoelectric emission of stellar and interstellar radiation, and secondary electron emission (see, e.g. Kimura & Mann 1998; Akimkin et al. 2015) .
We estimated the relative contribution of the listed forces to the dust dynamics in an astrosphere of κ Cas and found that the stellar gravitation attractive force and the drag force are negligible compared with others. Stellar radiation force is especially important for small dust grains with radii r d 0.1 µm. These dust grains are swept out far away by the stellar radiation and do not cross the BS. Therefore, in our calculations we consider the dust grains with r d > 0.2 µm.
Classical power-law MRN size distribution (Mathis, Rumpl & Nordsieck, 1977) is assumed for the dust grains in the undisturbed ISM,
, with the minimum and maximum dust grain radii of 0.2 and 3 µm, respectively. Corresponding mass of the dust grains ranges from 8.37 × 10 −14 to 2.83 × 10 −10 g (it is assumed that the dust grains are spherical and have a uniform density ρ d = 2.5 g cm −3 ). It is also assumed that in the undisturbed ISM all dust grains have the same velocity of VISM. The kinetic equation (2) is solved by the imitative Monte-Carlo method. Fig. 5 plots the distribution of the dust number density in the (BISM, VISM)-plane for dust grains with r d = 1 µm and 2 µm. In both cases, the filaments are clearly seen. Their formation is caused by periodical gyrorotation of charged dust grains around the magnetic field lines. This physical mechanism is extensively discussed in Paper I. The filaments produced by larger dust grains are sparser because of the larger gyroradius. It is shown in Paper I that the characteristic separation between filaments is:
where vp,z is the component of the plasma velocity along the Z-axis. For small Dgyr the filaments merge with each other and cannot be resolved. For the chosen model parameters (MA,ISM, MISM, ρ d and UISM) the distinct filamentary structure is formed for r d ≈ 1.5 − 3 µm. From equation (3) it follows that for smaller values of B and/or UISM the fila-mentary structure of the astrosphere would be discernible if the size of the dust grains would be reduced accordingly.
Synthetic maps of thermal dust emission
The astrosphere around κ Cas, like the majority of other known astrospheres, is visible only via its infrared emission, whose origin can be attributed mostly to the thermal dust emission (e.g. van Buren & McCray 1988) . To compare the model astrosphere with the Spitzer MIPS image we produce a synthetic map of thermal dust emission at 24 µm. For this, we integrate the local emissivity over the line of sight: Iν(r d ) = jν (r d , s)ds, where s is the coordinate along this line. The local emissivity can be expressed as follows:
, where n d is the dust number density, Qν is the dimensionless efficiency absorption factor of dust, Bν is the Planck function, T d is the dust temperature. Qν (r d ) is calculated using the Mie theory (Bohren & Huffman, 1983) for the chosen dust material. In this work, we consider astronomical silicates (Draine 2003) , graphite (Draine 2003) and pure carbon (Jäger, Mutschke & Henning 1998) . Plots of Qν(r d ) for different materials and grain radii are presented in Fig. 6 . The dust temperature can be calculated from local energy balance between dust heating by the stellar radiation and cooling due to thermal emission. Details of the temperature calculations are given in Appendix A. The obtained temperature depends on the grain material and radius, and the distance from the star (see Fig. 7 ).
Dust number density can be represented as
, wheren d is the dimensionless dust number density taken from the model results. In the case of the MRN size distribution, the ISM number density of dust grains with radii in the range [
The dimensional coefficient NISM can be found from the assumption that the typical gas to dust mass ratio is equal to 100 (see Appendix B). Thus, the local emissivity of the dust grains with radii in the above range is
and the total intensity is:
We also performed calculations for certain dust grain radii with a uniform dust distribution in a narrow range 
COMPARISON OF THE MODEL RESULTS WITH OBSERVATIONS AND EVALUATION OF THE ISM PARAMETERS
To compare the model results with the observational data the intensity of the thermal dust emission should be calculated in the plane perpendicular to the line of sight. The orientation of the stellar velocity with respect to the line of sight is determined by two spherical angles θ and φ (see Fig. 8 for illustration). In our calculations the angle θ is fixed at 48
• (see Section 2), while the angle φ is a free parameter of the model because it is determined by the unknown orientation of the (BISM, VISM)-plane. Therefore, we performed calculations at different planes and found that φ ≈ 110 − 150
• provides the best agreement with the observations. The results are presented for intermediate φ ≈ 135
• . Fig. 9 plots the dust number density obtained for the MRN size distribution in the ISM with the range of grain sizes of r d = 0.2 − 3 µm. It is seen that no filaments are visible. The reason for this is that the filaments formed by dust grain with continuous size distribution merge with each other in a wide arcuate structure between the BS and the AP.
Before considering the intensity maps, we note that all our model calculations were performed in dimensionless form. In order to transform the dimensionless solution in the dimensional form and find absolute values of intensities one needs to specify the required dimensional parameters of the model (e.g. the characteristic distances and the dust number density in the ISM). This can be done in the following way. We assume that the brightest arc in the astrosphere around κ Cas coincides with the astropause (our numerical calculations below support this assumption). By comparison of the obtained dimensionless solution with the known distance to the brightest arc, R obs 0 , it is possible to determine the characteristic distance D * , the corresponding ISM number density and the magnetic field strength, which are consistent with the observations and the model results. Namely, from the numerical modelling we know the dimensionless distance from the star to the astropause in the nose part of the astrosphere,R0, and:
Combining this equation with equation (1) one has:
np,ISM =Ṁ v∞ 5.6πmpV
Then we obtain BISM from the Alfvenic Mach number:
The following estimates are obtained: np,ISM = 3 − 11 cm −3 , BISM = 18 − 35 µ G. The ranges of np,ISM and BISM are due to uncertainties inṀ and v∞ of κ Cas (see Table 1 ). From the gas to dust mass ratio of 100, one obtains the dust number density and the constant NISM (see Appendix B). Note that the intensity of the thermal dust emission is proportional to NISM , which in turn is proportional to np,ISM. All intensity maps presented below are computed for the intermediate value of np,ISM = 5 cm −3 and the corresponding uncertainties in intensity are a factor of few. Fig. 10 shows the MIPS 24 µm image of the astrosphere around κ Cas along with synthetic maps of emission from silicate, graphite and pure carbon dust grains at the same wavelength. All intensities are given in units of MJy sr −1 . Note that we added a constant intensity of 20 MJy sr −1 to all synthetic maps to mimic the background emission that is seen in the data. It is seen that for all types of dust grains there is a maximum of intensity at the nose part of the astrosphere close to the astropause. However, no separate filaments are visible. This is explained by two effects. The first one is the same as was discussed above for the distribution of the dust number density -no filaments can be distinguished for the mixture of dust grains with the MNR size distribution. For the intensity maps this effect is even more pronounced than for the number density. The reason is that small dust grains are more heated than the larger ones and therefore their contribution to the total emission intensity is larger. In our model the filaments are clearly seen for grains with radii r d = 1 − 2 µm. But these large grains are too cool to contribute to the total intensity maps. Note that the temperature of carbon grains is much higher than the temperature of silicon and graphite ones (Fig. 7) , but this is still not enough to make filaments visible because the efficiency absorption factor Qν at 24 µm for carbon is much smaller than that for graphite and silicon (see Fig. 6 ).
The second effect is connected with the distribution of the dust temperature, which decreases with distance from the star because the dust grains are heated mostly by the stellar radiation. Correspondingly, the intensity of the thermal dust emission, which is proportional to the Planck function, is a strong function of temperature and hence of the distance from the star. As a result, the thermal dust emission near the AP is much stronger than near the BS. Fig. 10 also shows that the emission intensity ratio of the brightest arc of the astrosphere to the background is about an order of magnitude smaller compared with the observations. Thus, we found that the observed filamentary structure cannot be explained in the framework of the model with the classical MRN size distribution. The actual dust size distribution however could differ from the MRN one. For example, Wang, Li & Jiang (2015) reported that the existence of the very large (0.5 − 6 µm) dust grains in the ISM is confirmed by several independent observational evidences (see also Lehtinen & Mattila 1996; Pagani et al. 2010; Steinacker et al. 2015) . Moreover, Wang et al. (2015) noted that "if a substantial fraction of interstellar dust is from supernova condensates, then µm-sized grains may be prevalent in the ISM".
Assuming that the large dust grains are indeed prevail in the local ISM, we examine the range of dust parameters for which one can reproduce the observed filamentary structure of the astrosphere around κ Cas. In particular, we assumed that the dust in the local ISM is composed only of big grains (with the gas to dust mass ratio of 100) and performed calculations for two narrow ranges of grain sizes with uniform distribution inside each range: r d ∈ [1.3, 1.7] µm and r d ∈ [1.8, 2.2] µm; hereafter ranges SO1 and SO2, respectively. Figs 11 A and 11 D plot the distributions of the dust number density in the observational plane for graphite and carbon grains with radii in the above two ranges. One can discern five and three filaments, respectively, for SO1 and SO2. The filaments are wider than in Fig. 5 because now we consider a range of grain radii, while Fig. 5 was obtained for grains of a particular radius. We also calculated corresponding intensity maps, but the filaments do not appear on them because of the low dust temperature, which rapidly decreases with distance from the star (we do not show these maps since they are very similar to those shown in Fig. 10 ). The temperature obtained as a solution of the local energy balance (see Appendix A) is high enough to produce filaments in the intensity maps at 24 µm only in a narrow region close to the astropause, while at larger distances the dust emission at this wavelength is rapidly deceases.
We speculate that the dust grains might be hotter due to some additional heating processes. To check how this will affect the intensity maps, we artificially increased the dust temperature for both graphite and carbon grains by 20 K everywhere in the astrosphere. The resulting emission maps are presented in Figs 11 B-C and 11 E-F for both ranges of grain sizes SO1 and SO2. One can see that with the increase of the dust temperature the filaments become more pronounced. Qualitatively, these intensity maps are quite similar to the MIPS image of the astrosphere around κ Cas. The absolute values of the emission intensity are also similar to the observed ones (recall that the calculated intensity is accurate within a factor of few due to the uncertainty in the ISM plasma density estimate). We note also that the dust density maximum visible near the BS in the panels A and D of Fig. 11 is absent in the intensity maps. This is again because of small dust temperature in this remote part of the astrosphere.
Finally, we note that the smaller the dust grains the higher their temperature (see the panel A in Fig. 7) , which implies that one can avoid the artificial increase of the dust temperature if one adopts smaller dust grain radii. On the other hand, to make the filaments observable, one needs to keep the same separation between them, which for the given dust grain radius is inversely proportional to the magnetic field strength and the dust surface potential (see equation (3)). From this it follows that the decrease of the grain size should be compensated by decrease of B or U d,ISM (or both). A strong decrease of the magnetic field strength, however, is less appropriate because, as discussed above, this would lead to the collapse of the outer shock region. The surface potential of the dust grains is, in principle, a free parameter of the model and many different processes can affect its value. If one adopts a factor of 10 smaller potential, then to produce the same number of filaments the radii of the dust grains could be a factor of ≈ 3 smaller than those adopted in our modelling. Such grains are hot enough to produce observable filaments in the intensity maps.
SUMMARY AND DISCUSSION
In this paper, we performed 3D MHD numerical modelling of the astrosphere around κ Cas in order to produce a synthetic map of its thermal dust emission at 24 µm and to explain its filamentary structure. We found that distinct filaments would appear in the emission map only if quite large (µm-sized) dust grains are prevalent in the local ISM. The filamentary structure is not seen for continuous power-law size distribution of dust because individual filaments merge with each other due to the influence of small grains. Our model with large (1.3-2.2 µm) graphite and pure carbon dust grains reproduces the observational data quite well, if the temperature of these grains in the region where the filaments are formed is about 40 and 75 K, respectively. Comparison of the observed distance from the star to the brightest arc in the astrosphere with the model results allows us to estimate the ISM number density to be 3−11 cm −3 . We also constrain the local interstellar magnetic field strength to be 18−35 µG, which exceeds the typical field strength in the warm phase of the ISM (Troland & Heiles 1986; Harvey-Smith et al. 2011) .
We performed test calculations with larger Alfvenic Mach numbers MA,ISM=3 and 12 that corresponds to weaker interstellar magnetic field (10 and 2.7 µG, respectively, for np,ISM=3 cm −3 ). The synthetic maps of thermal dust emission for graphite dust grains with radii of 1.45 − 1.55 µm are presented in Fig. 12 . In this figure the filaments are more distinct compared to, e.g., Fig. 11 because the more narrow range of grain radii is considered. For smaller BISM the outer shock layer (confined between the BS and the AP) becomes thinner. The model with MA,ISM=3 is still appropriate: the filaments are seen and the emission intensity is close to the observed one. Note that the outermost filament in the panel A of Fig. 12 is in fact located between the AP and the BS, and appears beyond the BS because of the projection effect. The model with MA,ISM=12 provides a too small separation between the AP and the BS, so that the filaments merge with each other and the model cannot reproduce the observations for any grain size distribution. It is also interesting to note that there is a small arc close to the star in the case of weak magnetic field (MA,ISM=12). This arc is formed by large dust grains penetrating inside the IS. Near the star these grains are swept out by the stellar radiation and appear as an arc.
Our numerical calculations are performed under assumption of constant dust charge. In general, the grain charge is determined by the balance between three main processes: impinging of protons and electrons, secondary electron emission due to electron impacts (this is especially important for hot plasma with T 10 5 K) and photoelectron emission caused by the external interstellar and stellar radiation. We performed estimations of the changes of the dust charge and found that they are not more than 30 per cent in the considered region between the BS and the AP. Therefore we can neglect them and assume that the dust grain charge does not vary along the trajectory.
In our calculations, we neglected the drag forces caused by direct collisions of the dust grains with ions and electrons (direct drag force), and by the electromagnetic Coulomb interaction (Coulomb drag force), although our numerical model allows us to take them into account. Ochsendorf et al. (2014) found that the Coulomb drag force can affect the formation of so-called "dust waves" -arclike enhancements of dust density around weak-wind stars -created because of decoupling of the dust grains from the gas by stellar radiation force. Namely, they showed that inclusion of the Coulomb drag in the model leads to a strong dust-gas coupling, which prevents the formation of the dust waves. To clarify whether or not the drag forces could be important in our calculations, below we discuss the model parameters which determine their relative contributions to the dust motion in the astrosphere. Fig. 13 shows accelerations (a = F/m d ) of a dust grain (with radius r d = 1 µm) along its trajectory due to three forces: the Lorentz force (aL), the direct drag force (aR) and the Coulomb drag force (aC). Note that Fig. 13 that in cases 3 and 4 the Coulomb drag force is larger than the direct drag force because of the large potential of the dust grains. One can see also that the Lorentz force is by one-two orders of magnitude larger than the drag forces in cases 1-3 and becomes comparable to the Coulomb drag force in case 4. Thus, it is seen that for the parameters considered in our paper (np,ISM = 3 − 11 cm −3 and U d,ISM =0.75 V) the influence of the drag forces can be safely neglected. However, for higher gas densities and/or dust potentials their effect could be significant.
Our explanation of the cirrus-like structure of the astrosphere around κ Cas implies that the thermal mid-IR emission of the dust originates in regions spatially separated from the region of the bulk optical line emission. Also, we expect that in the optical wavelengths the astrosphere should have a smooth appearance, unless it is deformed by (magneto)hydrodynamic instabilities. But even in this case, the optical filaments should not correlate with the mid-IR cirruslike ones. In principle, the difference between the mid-IR and optical appearances of an astrosphere could be detected, provided that it is nearby enough to allow us to resolve the layer between the astropause and the bow shock. Unfortunately, with the existing optical surveys we were not able to detect the optical counterpart of the astrosphere of κ Cas, particularly because this bright (V ≈ 4 mag) star outshines all around it. Optical imaging with narrow-band filters could potentially be of value in detection of the astrosphere and in verifying our model.
We realize that the mechanism for origin of the filamentary structure of astrospheres is not unique and that the observed filaments might be produced by various different processes. For example, they could arise because of the rippling effect in radiative shocks, i.e. due to variations in the projection of the shock velocity along the line of sight (Hester 1987) . Also, the filaments could originate because of time-dependent variations of the wind velocity (Decin et al. 2006) or might be caused by instabilities in the bow shock and contact discontinuity (Dgani, Van Buren & NoriegaCrespo 1996) . Numerical simulations by many authors (e.g., van Marle et al. 2011 van Marle et al. , 2014 Mackey et al. 2012; Meyer et al. 2014a,b; Acreman et al. 2016 ) indeed show that astrospheres may be subject to various types of instabilities. However, it is a challenge to separate the real instabilities from the numerical ones, and we refrain in this paper from discussing this problem in depth.
To conclude, we note that our model does not explain the origin of the almost straight filaments in the south part of the astrosphere, which intersect the brightest arc at almost right angle (see Fig. 1 ). These filaments might be due to much more complex structure of the interstellar magnetic field than assumed in our modelling (cf. Gvaramadze et al. 2011b) . Also, inspection of the WISE 22 µm image of the region around κ Cas shows that these filaments have the same orientation as an elongated pillar to the west of the star (see Fig. 14) , which points to the possibility that their origin might be due to interaction of the astrosphere with the inhomogeneous local ISM. Modelling of this interaction is, however, beyond the scope of the present paper.
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